A cDNA encoding an IB family protein was identified and the full nucleotide sequence was determined in the silkworm Bombyx mori. The IB gene, designated BmCactus, was constitutively expressed mainly in the fat body and hemocytes. Transfection experiments on a B. mori cell line, NIAS-Bm-aff3, with expression vectors containing BmCactus, BmRelA, BmRelB, or the active portion of BmRelish1 showed that activation of the CecB1 gene promoter by either BmRelA or BmRelB, but not the active portion of BmRelish1, was strongly inhibited by BmCactus. In addition, activation of CecB1 gene by autoclaved E. coli in the cultured cells was observed regardless of the presence or absence of BmCactus. A gultathione S-transferase pull-down assay and analysis using a yeast two-hybrid system demonstrated that BmCactus interacted with the BmRel Rel homology domain, but not with the BmRelish Rel homology domain. These results suggest that BmCactus is involved in the Toll signal transduction pathway in B. mori.
Insects have developed unique and powerful innate defense systems, and have adapted to various environments without an acquired immune system that plays an essential role in vertebrates. [1] [2] [3] Antimicrobial peptides are one of the main insect humoral defense reactions against invading pathogens and parasites. 4) These antimicrobial peptides are synthesized primarily in the fat body and hemocytes, and are rapidly secreted into the hemolymph upon microbial infection. 5, 6) The mechanisms of induction of antimicrobial peptide gene expression have been extensively studied in Drosophila melanogaster, and two signal transduction pathways, the Toll and Imd pathways, were demonstrated to play important roles in the activation of antimicrobial peptide genes. 7, 8) Both pathways lead to the activation of NF-B transcription factors. The Imd pathway is known to be activated by meso-diaminopimelic acid containing peptidoglycan (DAP-type PGN) from Gram-negative bacteria and a subclass of Grampositive bacteria, including Bacillus species. The Toll pathway is stimulated by lysine-containing peptidoglycan (Lys-type PGN) from Gram-positive bacteria. In the Imd pathway, a NF-B homolog, Relish, is synthesized as a precursor protein that is cleaved and activated in response to bacterial infection or DAP-type PGN injection. The Toll pathway was first studied for dorsoventral patterning in D. melanogaster embryogenesis 9) and then demonstrated to be involved also in immunity against infection by fungi and bacteria. 10, 11) Two NF-B homologs, Dorsal and Dif, are localized in the cytoplasm by the interaction of the Rel homology domain (RHD) of these transcription factors with the IB homolog Cactus. 12) Once the Toll pathway is activated by infection with Gram-positive bacteria or fungi and Lys-type PGN injection, Cactus is phosphorylated and degraded, resulting in the translocation of Dorsal and Dif in the nucleus to activate target genes.
In the silkworm Bombyx mori, a genome-wide analysis of immune-related genes was recently carried out and, many genes were identified that show sequence homologies with those of D. melanogaster, Anopheles gambiae, Apis mellifera, and Tribolium castaneum.
13)
Two cDNAs encoding novel Rel proteins have been cloned from B. mori. 14) These cDNA clones (BmRelA and BmRelB) showed identical nucleotide sequences except for the 5 0 -region. BmRelA and BmRelB appeared to regulate antimicrobial peptide genes differentially. 14) Bootstrap analysis of the RHD of BmRelA and BmRelB with Drosophila Rel proteins indicated that BmRels have an orthologous relationship with Dorsal. 13) No Dif homolog was detected in the B. mori genome. 13) In addition, other transcription factors (BmRelish1 and BmRelish2) for the signal transduction pathway were also cloned. 15) BmRelish1 possesses an RHD at the N-terminus, and ankyrin repeats at the C-terminus. 15) It is believed that BmRelish1 is activated by removal of the C-terminus region, including the ankyrin repeats, producing the active portion of BmRelish1 (BmRelish1-d2). BmRelish2 perhaps plays a role as a dominant negative factor against BmRelish1. 15) Functional analysis of BmRelA, BmRelB, BmRelish1, and BmRelish2 has suggested that a minor structural change in Rel proteins can provoke dramatic differential activation of antimicrobial peptide genes. [14] [15] [16] In this study, we tried to survey and characterize a cDNA encoding a Cactus homolog from B. mori. Functional analysis of this clone (BmCactus) suggested that it is involved in the Toll pathway in B. mori.
Materials and Methods
Biological materials and compounds. B. mori (Tokai Â Asahi strain) was reared on an artificial diet (Nihonnosankogyo, Yokohama, Japan) at 25 C under a controlled environment of 11 and 13 h (light and dark period respectively). Fifth-instar larvae (4 d-old) were used in the experiments. B. mori cell line NIAS-Bm-aff3 17) was cultured at 25 C in IPL-41 medum (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (Equitech-Bio, Kerrville, TX).
cDNA cloning. The expressed-sequence tag (EST) database of B. mori (KAIKOBLAST server, http://kaikoblast.dna.affrc.go.jp/) was screened taking advantage of the nucleotide sequence of the D. melanogaster IB protein Cactus as query. The complete nucleotide sequence of the cDNA encoding BmCactus (EST no. fbpv0673) was determined using a DNA sequencer (Applied Biosystems, Foster City, CA). The full coding region was found in this EST. The PEST domain 18) in the deduced amino acid sequence of this cDNA was identified using the application tool Epestifind in the EMBOSS program (http://emboss.sourceforge.net/). Phylogenetic analysis. Amino acid sequence alignments were conducted with CLUSTAL W (http://clustalw.ddbj.nig.ac.jp/top-e.html). Bootstrap analysis was carried out using neighbor-joining algorithms with the program NJplot (http://pbil.univ.lyon1.fr/software/njplot.html). Orthologous relationships were determined by bootstrap analysis with values above 750 of 1,000 trials.
Northern blotting. A probe for BmCactus gene expression was synthesized based on the nucleotide sequence of the BmCactus cDNA and labeled with DIG-11-dUTP (Roche Diagnostic, Indianapolis, IN) by polymerase chain reaction (PCR) using the following primers: 5 0 -GGACCGTGTGATAGTAATGATATCG-3 0 (forward primer) and 5 0 -AGGCGATGTGTAGTTGTGTGTCT-3 0 (reverse primer). The reaction mixture was kept at 94 C for 5 min and 30 cycles of PCR (94 C for 30 s, 50 C for 30 s, and 72 C for 30 s) were carried out. Total RNA was extracted from the fat body, hemocytes, midgut, Malpighian tubules, and silk glands of B. mori larvae with Isogen (Nippon Gene, Toyama, Japan) to analyze tissue-specific gene expression. The RNA sample (20 mg) was electrophoresed and transferred on to a GeneScreen Plus membrane (NEN-Du Pont, Boston, MA) and hybridized with the labeled probe. Prehybridization and hybridization were carried out at 50 C for 1 h and overnight respectively. The other conditions were the same as described previously. 19) As an internal marker, 18S rRNA was visualized by staining with ethidium bromide.
Construction of expression vectors. The 5
0 -upstream regulatory region of B. mori Cecropin B1 (CecB1) 20) and a luciferase fusion gene construct were prepared as described by Tanaka et al. 14) Expression vectors pOpIE2-PacPL, pOpIE2-BmRelA, pOpIE2-BmRelB, and pOpIE2-BmRelish1-d2 were the same as described in our previous report. 16) For BmCactus expression vector construction, BmCactus cDNA was digested with SacI and NotI, and the resulting fragment containing the open reading frame with the non-coding region was ligated into the SacI and NotI sites of the pOpIE2-PacPL vector. As a control, -galactosidase expression vector pOpIE2-CH110 16) was used.
Transfection of NIAS-Bm-aff3 cells. NIAS-Bm-aff3 cells (7 Â 10 4 cells/well) were first cultured in a 48-well plate (Sumilon, Tokyo). The cells were transfected 24 h after culture by Polyfect (Qiagen, Hilden, Germany) with 0.5 mg of CecB1 promoter-luciferase reporter gene construct, 0.17 mg of pOpIE2-CH110, and a combination of the expression plasmids described in the legend to Fig. 4 . Heat-killed Escherichia coli (1 Â 10 5 cells/ml) was added into the culture 40 h after transfection. The cells were harvested 48 h after transfection, and luciferase and -galactosidase activities were measured by published methods. 14) Each experiment was conducted 3 times. Statistical differences were determined by Student's t test. Differences at p < 0:05 were considered significant.
Glutathione S-transferase (GST) pull-down assay. Fusion proteins of the GST-RHD from BmRel or BmRelish1 were prepared according to previous methods. 14, 15) [ 35 S] methionine-labeled BmCactus was synthesized in 50 ml of the TNT coupled reticulocyte lysate system (Promega, Madison, WI) using 1 mg DNA template and 833 kBq of Redivue L- [ 35 S] methionine (specific activity, 37 TBq/mmol) (Amersham Pharmacia Biotech, Piscataway, NJ) following the manufacturer's instructions. The region of nucleotide 297 to 1,140 of BmCactus cDNA in pBluescript II KS (+) was used as template. GST fusion proteins bound to glutathione agarose beads were incubated for 30 min at 4 C in 200 ml of the interaction buffer (10 mM Tris-HCl buffer, pH 8.0 containing 50 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, 1 mM phenylmethylsulphonyl fluoride, 1 mM dithiothreitol, and 5 ml of the reaction mixture of the TNT coupled reticulocyte lysate system containing the [
35 S] methionine-labeled BmCactus) . The beads were washed 3 times with the interaction buffer, and the bound proteins were eluted by adding 20 ml of SDS sample buffer. After boiling, the eluted proteins were separated by SDS-polyacrylamide gel electrophoresis, and autoradiography was carried out to detect the proteins bound to BmCactus.
Yeast two-hybrid system. Prey plasmid pGAD-BmCactus was constructed by subcloning the BmCactus cDNA fragment (accession no. AB096087, nucleotide number 297 to 1,140) into pGADT7 (Clontech Laboratories, Palo Alto, CA). The bait plasmid pGBKBmRel-RHD was constructed by subcloning the RHD of BmRelB into pGBKT7 (Clontech Laboratories). Yeast cells (AH 109 strain) (Clontech Laboratories) were transformed with the prey and bait plasmids following the Manual of Yeast Protocol Handbook (Clontech). The transformed cells were grown on Synthetic Dropout (SD) medium (Clontech) lacking leucine and tryptophane to select yeast cells with both the prey and bait plasmids. Growing colonies were picked and streaked on SD medium lacking adenine, histidine, leucine, and tryptophan, and containing 20 mg/ml, -X-gal (Clontech). As a control prey plasmid, pGADT7-T was constructed by subcloning of the SV40 large T-antigen gene into pGADT7 (Clontech). As a control bait plasmid, pGBKT7-53 was constructed by cloning the Murine p53 gene into pGBKT7.
Results
cDNA cloning and phylogenetic analysis of BmCactus A BmCactus cDNA was detected in the B. mori EST database. The clone contained an open reading frame that encodes 326 amino acid residues (Fig. 1) . The presence of ankyrin repeats is a characteristic of IB family proteins, including Cactus. 21) BmCactus had five ankyrin repeats and a PEST domain 18) (Fig. 1) . In addition, one of the phosphorylated serine residues detected in D. melanogaster was conserved 22) (Fig. 1 ). Phylogenetic analysis of the ankryn repeat portions of the IB family proteins from six insects showed that Cactus and Relish groups are clearly separated (Fig. 2) .
Bootstrap analysis indicated that BmCactus has orthologous relationships with other Cactus homologs (Fig. 2) .
Tissue-specific BmCactus gene expression Gene expression of BmCactus in different tissues was analyzed by Northern blotting. Total RNA was extracted from the fat body, hemocytes, midgut, Malpighian tubules, and silk glands. The results of Northern blot analysis indicated that the fat body and hemocytes are the main expression sites for the BmCactus gene (Fig. 3) . Weak expression was also detected in the midgut and Malpighian tubules (Fig. 3) . No BmCactus gene expression was observed in the silk glands (Fig. 3) .
Effects of BmCactus on CecB1 promoter activation by BmRelA, BmRelB, BmRelish, and autoclaved E. coli
The effects of BmCactus on the CecB1 promoter activated by BmRelA, BmRelB, BmRelish1-d2, or autoclaved E. coli were analyzed in a B. mori cell line. The results indicated that activation of the CecB1 promoter by BmRelA and BmRelB was strongly inhibited by co-expression with BmCactus, whereas activation by BmRelish1-d2 was not inhibited by BmCactus (Fig. 4A) . On the other hand, the CecB1 promoter was activated by over-expression of BmCactus in the co-transfection experiment, although the reason remains unknown (Fig. 4B) . However, the CecB1 promoter was activated by autoclaved E. coli regardless of the presence or absence of BmCactus, and the induction rates were almost equal between the empty vector and the empty vector plus E. coli, and BmCactus and BmCactus plus E. coli (Fig. 4B) . These results suggest that BmCactus is not related to the Imd pathway, because the Imd pathway in which BmRelish might be involved 15) perhaps participates in the activation of the CecB1 promoter by autoclaved E. coli.
GST pull-down assay
The interaction of BmCactus with BmRel RHD and BmRelish RHD was analyzed by GST pull-down assay. For this assay, GST-BmRel RHD and GST-BmRelish RHD fusion proteins were produced in E. coli. The fusion proteins were confirmed by electrophoresis (Fig. 5A) . Results of the GST pull-down assay indicated strong clear bands of BmCactus only under incubation with GST-BmRel RHD and not with GST-BmRelish RHD (Fig. 5B ). This suggests that BmCactus preferentially interacts with BmRel RHD. Deduced amino acids are denoted by a one-letter code. The translation stop codon (TAG) is asterisked. Five ankryn repeats (I, II, III, IV, and V) are underlined. A PEST domain is shown with italics in the box. A white letter on a black background indicates a serine residue that is the possible phosphorylation site. The nucleotide sequence reported here has been submitted to the GSDB/DDBJ/EMBL/NCBI nucleotide sequence databases, and is available under accession no. AB499895.
Analysis using a yeast two-hybrid system
The interaction of BmCactus with BmRel RHD was further analyzed by a yeast two-hybrid system. As a positive control, a combination of SV40 large T antigen and mouse p53 was used. As negative controls, BmRel RHD and T antigen, and BmCactus and p53 combinations, were also used. The positive control formed blue yeast cells, whereas no yeast cells appeared in the negative controls (Fig. 6 ). Blue yeast cells appeared when a combination of BmCactus and BmRel RHD was tested (Fig. 6) , confirming the results obtained by GST pull-down assay.
Discussion
We conducted a genome analysis of B. mori immunity-related genes and gene families 13) and compared it with other insect orders including Diptera, [23] [24] [25] [26] [27] [28] Hymenoptera, 29) and Coleoptera. 30) Some characteristic evolutionary features were identified by comparative analysis of insect innate immunity-related genes. 13) Immune repertoire genes participating in recognition, modulation, and effector functions appear to have evolved through expansion and fine-tuning of ancient genes to adapt to continuous challenge by microbes such as bacteria, fungi, and parasites. On the contrary, the immune constituent genes involved in the signal transduction pathways have remained highly conserved throughout the various insect orders. Conserved gene Stimulated by BmRelA, BmRelB, BmRelish1-d2, and Autoclaved E. coli. A, Stimulation of the promoter by BmRelA, BmRelB, and BmRelish1-d2. Luciferase reporter assay was carried out using NIAS-Bm-aff3 cells transfected with the BmRelA, BmRelB, or BmRelish1-d2 expression vector alone (0.08 mg each, unfilled column), and with the following combinations: BmRelA and BmCactus, BmRelB and BmCactus, and BmRelish1-d2 and BmCactus (0.08 mg each, filled column). As negative controls, vector alone (Empty vector) (0.08 mg, unfilled column) and the empty vector with BmCactus expression vector (0.08 mg each, filled column) were used for transfection. B, Stimulation of the promoter by autoclaved E. coli. Luciferase reporter assay was conducted using the cells described above transfected with vectors containing BmCactus (0.17 mg), and autoclaved E. coli cells were used as stimulants for the activation of CecB1 promoter (BmCactus þ E. coli). As negative controls, cells were transfected with empty vector alone (Empty vector, 0.17 mg) or BmCactus vector alone (BmCactus, 0.17 mg). As an additional control, cells were transfected with empty vector (0.17 mg) and then stimulated with autoclaved E. coli (Empty vector þ E. coli). The data shown are means AE SEM for three experiments. Asterisks indicate significant differences from the control values at p < 0:05 (Student's t test).
evolution of the signal transduction constituents might reflect the fundamental requirements of these genes for common immune mechanisms throughout the various insect orders.
Among the many genes involved in signal transduction, D. melanogaster contains a single Cactus gene, and a homolog gene is also present in the genomes of both Anopheles gambiae 25) and B. mori. 13) On the other hand, there are three homolog genes in the genome of A. mellifera. 29) A cDNA encoding Cactus homolog from B. mori appeared to have five ankyrin repeats, typical structural features of Cactus. Phylogenetic and bootstrap analyses of the ankyrin repeats of the IB family genes including Cactus and Relish homologs suggested that the Cactus and Relish groups evolved independently. The analyses also revealed that Cactus homolog genes from A. gambiae, A. aegypti, B. mori, A. mellifera, and T. castaneum have orthologous relationships with D. melanogaster Cactus (Fig. 2) , indicating that they evolved from a common ancestor gene.
The BmCactus gene was expressed mainly in the fat body and hemocytes (Fig. 3) . The D. melanogaster Cactus gene is known to be up-regulated by bacteria such as E. coli and Micrococcus luteus, and the entomopathogenic fungus Beauveria bassiana. 12, 24, 31) Auto-regulation of the expression of the Cactus gene by the Spätzle/Toll/Cactus gene pathway was found by Nicolas et al.
12) It is still unknown whether the BmCactus gene is also auto-regulated by the same signal transduction pathway.
In D. melanogaster, Dorsal, Dif, and Cactus are known to participate in the Toll pathway, whereas Relish is involved in the Imd pathway. 7, 8) BmCactus strongly inhibited activation of the CecB1 promoter by BmRelA and BmRelB, but not by the active portion of BmRelish1 (Fig. 4) . This suggests that BmCactus is involved in the Toll pathway but not in the Imd pathway. It is important to determine whether BmCactus is involved in the induction of the antimicrobial peptide gene expression stimulated by Gram-positive bacteria, but no B. mori cell lines responsive to Gram-positive bacteria are presently available. Hence we tested the relationship between BmCactus and Gram-negative bacteria. CecB1 promoter activity was significantly elevated by autoclaved E. coli in the presence of BmCactus (Fig. 4) , suggesting BmCactus has nothing to do with the gene activation by stimulants from Gramnegative bacteria. This result leads us to assume that BmCactus participates in the Toll pathway but not the Imd pathway. CecB1 promoter was activated about 4 times more by empty vector plus autoclaved E. coli than by empty vector alone in the NIAS-Bm-aff3 cell line (Fig. 4B ). In this cell line, DAP-type PGN can trigger expression of the CecB1 gene, whereas Lys-type PGN cannot, 16, 32) suggesting that induction of CecB1 gene expression is provoked through the Imd pathway activated by DAP-type PGN of autoclaved E. coli cells. Although 12 peptidoglycan recognition protein (PGRP) genes have been identified in the B. mori genome, 13) it remains unclear which PGRP plays a role in the recognition of PGN.
We carried out the GST pull-down assay to clarify the interactions between BmCactus and BmRel RHD. The results clearly showed that BmCactus interacts with BmRel RHD but not with BmRelish RHD. In addition, analysis by a yeast two-hybrid system also revealed specific interaction of BmCactus with BmRel RHD. Taken together, these results suggest that BmCactus inhibits the translocation of BmRels from the cytoplasm to the nucleus by specifically binding to BmRel RHD in the Toll pathway of the B. mori immune system.
In this study we identified the BmCactus cDNA and analyzed its functions. The presence of both cytoplasmic anchor protein genes, BmCactus and BmRelish, 15) suggests that B. mori contains the Toll and Imd pathways as signal transduction pathways. These two pathways might play essential roles in B. mori immunity. Recently, we reported that highly purified LPS from Gram-negative bacteria elicits antimicrobial peptide gene expression in the fat body of B. mori. 32) On the contrary, LPS does not activate immune-related genes in D. melanogaster. 33, 34) These contradictory results suggest that immune response mechanisms of D. melanogaster function differently in B. mori. The fact that the B. mori antimicrobial peptide genes are activated by LPS even though DAP-type PGN strongly stimulates gene expression in the Imd pathway leads us to speculate that Gram-negative bacteria are very dangerous to B. mori, and different stimuli from Gram-negative bacteria are necessary to produce sufficient immune-related effectors. Thus the question arises as to how LPS is recognized and which signal transduction pathway is subsequently used in B. mori. In mammalian innate immunity, LPS is known to be recognized by Toll-like receptor 4. 35) From this viewpoint, the above question is important in order to understand the relationship between mammalian and insect immunity.
